Fully understanding the biology of acid mine drainage (AMD) is central to our ability to control and manipulate its environmental impact. Although genomics and biogeochemical methods are relatively well established in the field, their combination with high-resolution imaging of intact members of microbial biofilm communities has not yet reached its full potential. Here, we used three-dimensional (3D) cryogenic electron tomography to determine the size and ultrastructure of intact ARMAN cells, a novel ultra-small archaeon, and sought evidence for their interactions with other members of its community. Within acid mine drainage biofilms, apparently free-living ARMAN cells from a deeply branched archaeal lineage have volumes of 0.009-0.04 lm 3 (mean B0.03 ± 0.01 lm 3 ), only B92 ribosomes, yet are frequent hosts for replicating viruses. Organization within the periplasm and partitioning of ribosomes to the inner surface of the cytoplasmic membrane may be factors in size minimization. Most cells contain enigmatic tubular structures of unknown function. The low ribosome copy number per unit volume, indicative of slow growth rates and targeting of cells by diverse viruses may account for the low abundance of ARMAN cells compared with other biofilm community members. Our results provide the first 3D analysis of structural features of these novel and enigmatic cells and their interactions with at least two types of viruses. Our findings also emphasize that new biological phenomena remain to be discovered among lower abundance organisms from novel uncultivated lineages.
Introduction
The minimum size for cells, and the ecological significance of ultra-small organisms, remains a controversial subject. To evaluate the question of how small viable cells can be researchers have used genome reduction and theoretical calculations of the minimum volume needed to contain essential cellular machinery (Hutchison et al., 1999; Steering Group NRC, 1999; Kolisnychenko et al., 2002; Glass et al., 2006) . At least 0.008 mm 3 may be required to accommodate necessary components and biosynthesize 250 proteins. This is smaller than sizes conclusively demonstrated for the archaeal parasite Nanoarchaea equitans (Huber et al., 2002) and ultrasmall bacteria (Rappé et al., 2002; Sheridan et al., 2003; Malmstrom et al., 2004; Giovannoni et al., 2005; Miteva and Brenchley, 2005 ) but larger than cell-like objects of uncertain nature (Folk and Taylor, 2002) suggested to be important in a variety of environmental and medical phenomena (Kajander and Çiftçioglu, 1998; Goldfarb, 2004; Martel and Young, 2008) . Determination of the roles of uncultivated organisms within microbial communities is a challenging problem. Several deeply branching ARMAN (Archaeal Richmond Mine Acidophilic Nanoorganism) lineages initially defied detection in acid mine drainage (AMD) biofilms because of mismatches between their ribosomal gene sequences and those of almost all earlier described archaea. ARMAN sequences were identified in metagenomic datasets and the cells were shown to occur as relatively low abundance members of most AMD communities (Baker et al., 2006) . Conventional transmission electron microscopy characterization of cells enriched by filtration suggested a cell volume of 0.006 mm 3 , but findings were tentative because the 3D structure was not determined. In this study, we used cryogenic electron microscopy (cryo-EM) imaging and electron tomography to accurately describe the 3D architecture of intact ARMAN cells. Microscopy results highlight features of cell organization that may be associated with small cell volumes and reveal that virus-host associations have evolved among these community members. Our results also provide the first high-resolution analysis of structural features of these novel and enigmatic cells. All specimens are directly obtained from the environment, and samples are prepared with minimum perturbation: aliquots were directly cryo-plunged and stored in liquid nitrogen until data acquisition. Although no artifacts have ever been reported as a consequence of instant freezing in the field of cryo-EM, abundant artifacts are shown to be caused by the related techniques of freeze-substitution and plastic embedding. ARMAN is no exception and our current, exhaustive work, illuminates a few typical problems in the interpretation of the first ARMAN imaging data (Baker et al., 2006) .
Materials and methods

AMD samples
All samples were collected on August 22, 2007 from the Richmond Mine at Iron Mountain, in northern California. We prepared and examined biofilm samples from several sites throughout the mine. The sample used for all the 3D image data acquisition was ultraback A drift, 'UBA', which was found by fluorescent in situ hybridization (FISH) to have the highest abundance of ARMAN cells of all those examined. The temperature of the solution from which the sample was collected was 36 1C and the pH was 1.9.
Fluorescence microscopy
For FISH, samples were fixed in 4% paraformaldehyde for B2 h, washed with phosphate-buffered saline, pH 1.2 and stored in 1:1 ethanol:PBS at À20 1C within 12 h of collection. Hybridizations were performed on fixed samples as reported earlier (Ram et al., 2005) , with incubation at 46 1C and washing at 48 1C for 15 min. Hybridizations were counterstained with DAPI (4 0 ,6 0 -diamidino-2-phenylindole dihydrochloride) DNA stain. Common AMD probes were used to identify other members present in the biofilm samples including; TH1187 (all Thermoplasmatales), LF655 (all Leptospirillum spp.) and LF1252 (Leptospirillum group III, Bond et al., 2000) and ARM980 and ARM1357 (ARMAN groups, Baker et al., 2006) . Examples of our FISH images and of our cryo-EM controls are provided in the online Supplementary information section.
Molecular analyses
DNA was extracted by a modified phenol-chloroform extraction method, as described by Bond et al. (2000) . PCR amplification of 16S rRNA genes was done as described earlier (Baker et al., 2006) . The PCR products were cloned into pCR-4 TOPO and sequences of 10 individual clones determined.
Cryo-EM specimen preparation For cryo electron microscopy, aliquots of 5 ml were taken directly from the fresh biofilm and placed onto lacey carbon grids (Ted Pella 01881) that were pre-treated by glow-discharge. The Formvar support was not removed from the lacey carbon. The grids were manually blotted and plunged into liquid ethane by a compressed air piston, then stored in liquid nitrogen. For electron microscopy at room temperature, 5 ml aliquots were placed on glowdischarged Formvar carbon coated grids (Ted Pella 01811), then the grids were blotted and air dried.
ARMAN cell identification controls
To confirm that the cells that we examined in this study were ARMAN we homogenized and filtered the UBA sample as described earlier (Baker et al., 2006) . FISH analysis of this small-cell fraction revealed that the majority of the cells were ARMAN (See Supplementary information for more details). We then imaged this sample with cryo-EM. This revealed that the ARMAN cells after this filtration procedure had a similar appearance to those previously seen in filtrates (Baker et al., 2006) . Therefore, the more irregular morphology as presented by Baker et al. (2006) is an artifact of the homogenization/filtration procedure .
General imaging
Images were acquired on a JEOL-3100 electron microscope equipped an FEG electron source operating at 300 kV, an Omega energy filter, a Gatan 795 2K Â 2K CCD camera and cryo-transfer stage. The stage was cooled with liquid nitrogen to 80 K for all cryogenic data sets.
To have a statistically relevant survey of cell sizes and morphologies, over 200 images were recorded using magnifications of Â 36K, Â 30K and Â 25K at the CCD giving a pixel size of 0.83, 1.0 or 1.2 nm at the specimen, respectively. Underfocus values ranged between 8±0.5 mm and 14±0.5 mm, and energy filter widths were typically around 22 ± 2 eV. Because our samples come directly from the environment, with no purification or cleaning steps, the thickness and transparency of the cryo-grids is highly variable. In many cases mineral aggregates, dead cells and other large objects obstructed the view of interesting cells. Slightly more than 200 images were selected for further analysis according to quality, purity and transparency of the sample. Here, 187 completely unobstructed images were used for the statistical analysis.
Electron tomography
A total of 20 tomographic data sets of ARMAN cells were acquired. These data sets included 30 ARMAN cells, 25 of which were judged of high quality. Tomographic tilt series were acquired under lowdose conditions, typically over an angular range between þ 65 and À65, ± 5 1 with increments of 1 or 2 1. Between 70 and 124 images were recorded for each series. Eleven tilt series were acquired manually with the program Digital Micrograph (Gatan Inc.), and nine tilt series were acquired semiautomatically with the program Serial-EM (http://bio3d.colorado.edu/) adapted to JEOL microscopes.
For these tilt series data sets, all images were recorded using a magnification of Â 36K, Â 30K, or Â 25K at the CCD giving a pixel size of 0.83, 1.0 or 1.2 nm at the specimen respectively. Underfocus values ranged between 9±0.5 and 16±0.5 mm, depending on the goal of the data set, and energy filter widths ranged between 22 to 28 eV, also depending on the data set. 
com).
Ribosome processing A total of 150 3D boxes centered on the hand-picked ribosomes were cropped from the full tomographic reconstructions of three ARMAN cells (from data sets with identical missing wedges) using the program Bsoft (http://lsbr.niams.nih.gov/bsoft/). We used a box of 48 pixels by side and a spherical mask with a diameter of 32 voxels. Individual subvolumes were visualized and compared with the cryo-EM structure of translating E. coli ribosomes (Gilbert et al., 2004 , EM DATA BANK (EMDB)/1070) with the programs Imod and ParaView. This set of ribosomes was also pre-processed with the package EMAN (http://blake.bcm.tmc.edu/emanwiki/EMAN) for centering of individual ribosomes. Alignments were computed with the program Bsoft, restricting the search in reciprocal space to account for the missing wedge. Several averages were computed for the whole set and for subsets of particles using the program Bsoft. The presence of significant heterogeneity in ARMAN cell growth stage (they are not exponentially growing in rich media, as is the case in most prior studies), and the sampling with 1.2 nm pixel size prevented a meaningful average through the entire data set. Meaningful averages of subsets of particles with similar 3D conformations were compared with the translating E. coli ribosomes (Gilbert et al., 2004 , EMDB-1070 to confirm our assignment.
Results and discussion
Biofilms were collected from very acidic (pHo1) solutions containing near molar concentrations of dissolved iron and mM concentrations of Zn, Cu and As from environments within the Richmond Mine, Iron Mountain, CA, USA (for details, see Materials and methods). Samples were fixed, labeled with oligonucleotide probes that target the ribosomal RNA genes, and imaged by fluorescence microscopy. ARMAN cells were most abundant in the UBA location (pH 1.9); therefore this sample was used for ultrastructural characterization. About 30%-40% of the Archaea in the UBA sample belong to the ARMAN groups (Supplementary information); a 16S rRNA gene survey showed dominance by the ARMAN Group II lineage. Hybridization of oligonucleotides probes revealed ARMAN coexist with members of the archaeal order Themoplasmatales (Baker and Banfield, 2003) and Leptospirillum groups II and III bacteria (Materials and methods). Cryo-EM observations were exclusively based on instantly frozen aliquots of fresh biofilm (Materials and methods). Within samples shown by FISH to contain an abundance of ARMAN cells (Supplementary information), ARMAN cells were distinguished from bacteria by their size and cell shape and from other archaea by the presence of a cell wall (Baker et al., 2006 ) (Materials and methods). Over 200 cryogenic electron microscopy (cryo-EM) images and 30 cryogenic electron tomography 3D ARMAN data sets were acquired. Nearly 200 high quality 2D projections, as described in Materials and methods, were used for measurement and statistical analyses and 25 3D reconstructions were used for analysis of the internal structure. Based on 2D images (Figure 1 ) and 3D information, ARMAN cell shape is generally a 3D ellipsoid (Figure 2a Figure 3f) ranged from B0.009 to B0.062 mm 3 , with the mean value B0.03 mm 3 and a s.d. of 0.01 mm 3 . Although the range in cell size is considerable (over two orders of magnitude in volume), it is clear that ARMAN cells can have extremely small sizes that are at or around a suggested theoretical limit for life (Steering Group NRC, 1999) .
Three-dimensional reconstructions of ARMAN cells in close proximity to other, considerably larger archaeal and bacterial cells and in thicker areas of the support film (where the thickness of the frozen liquid film is considerably larger than the dimensions of the ARMAN cell) confirm that the shape is an intrinsic property of the cells. Good examples are shown in Supplementary Figures 2 and 4 respectively, and in Supplementary movies 1 and 2. The oblate morphology implies cell shape determinants, probably related to the cell wall. The cell walls are smooth and uniform in thickness (B30 ± 2 nm wide), with conspicuous inner and outer membranes (IM, OM) and no S-layer within the dynamic range of our data (Figures 1 and 3) . The periplasmic space is studded with B5-8 nm diameter high contrast features in close proximity to the IM (Figures 1c and 3a) and with physical connections through the IM into the cytoplasm (Figure 3a) . Given that iron and sulfur oxidation are the predominant metabolisms supporting many chemoautrophs in this subsurface microbial ecosystem, it is plausible that these periplasmic elements could be cytochrome complexes, which have an estimated size of B40-70 kDa (Ram et al., 2005) . However, this hypothesis will require future investigations with specialized techniques. Filamentous attachments associated with the cell walls as shown in Figure 3c are often observed. Their diameters, 9-10 nm, and globular structures at the IM attachment sites make them unlikely flagella candidates. We thus think they are most likely pili with ATPases around the bases.
Clearly visible within the cytoplasmic space are objects that have high contrast relative to the background. Their diameters between B16 and 25 nm (depending on the orientation of the slicing plane), and their shapes are consistent with their identification as ribosomes (Figures 2b and 3a , Supplementary Figures 2c and d) . Careful, direct visual comparison of cross sections of these objects with the previously solved cryo-EM structure of translating E. coli ribosomes (Gilbert et al., 2004) confirmed this assignment. Additional image analysis and averaging of tomographic sub-volumes further confirmed the identification (details in Supplementary Figure 5 and Materials and methods).
In all ARMAN 3D reconstructions, ribosomes are consistently partitioned to the periphery of the cytoplasmic space, arranged in an irregular spherical pattern just inside the IM (Figure 2 , Supplementary Figure 2 , and Supplementary movie 1). The distribution of ribosomes has previously been investigated for Spiroplasma melliferum (Ortiz et al., 2006) by high-resolution cryogenic electron tomography In this case they were dispersed throughout most of the bacterial cytoplasmic space. Subcellular compartmentalization of ribosomes has also been proposed for Bacillus subtilis based on fluorescence microscopy (Lewis et al., 2000, and Mascarenhas et al., 2001) , where it may be correlated with life cycle stages.
Given that ARMAN ribosomes are approximately the same size as bacterial ribosomes (for example, in E. Coli, Gilbert et al., 2004, and Supplementary Figure 5) , it is likely that the number of ribosomal proteins/ribosome is approximately the same. However, the mean number of ribosomes per ARMAN cell (mean volume 0.03 mm 3 ) is only 92. The number Figure 2a) . The height of the inset measures 86 nm.
Three-dimensional analysis LR Comolli et al of ribosomes counted in each reconstructed ARMAN cell was plotted as a function of the cell volume (Figure 2d ). The slope is very small (B676 ribosomes per mm 3 ) and the variance very large (B552 ribosomes per mm 3 ) respectively, indicating that the mean number of ribosomes per cell is an intrinsic characteristic. This linear regression predicts 745 ribosomes for a volume of 1 mm 3 , more than one order of magnitude less, per mm 3 , than in (Lewin, 1997) . The much lower number of ribosomes per DNA unit length in ARMAN cells than in well-studied bacteria (B9 ribosomes per 100 kB DNA in ARMAN vs B200-400 ribosomes per 100 kB DNA in E. coli, Lewin, 1997) , including ultra-small bacteria (Cox, 2004; Giovannoni et al., 2005; Nicastro et al., 2006) and their peripheral distribution, suggest that protein synthesis is queued.
The relationship between the growth rate, m, and the average number of ribosomes per cell, n R(av) , is: m ¼ b R ðn RðavÞ =n aaðavÞ Þe aa where b R is the fraction of ribosomes actively synthesizing protein, n aa(av) is the average number of amino acids per cell (protein content), and e aa is the polypeptide chain elongation rate (Bremer and Dennis, 1996) . Given factors such as ribosome number and genome size (which may constrain n aa(av) ), the growth rate of ARMAN cells is likely to be very slow (Table 1) . Tubular or cylindrical structures were identified in at least 80% of 3D reconstructions (Figures 3a and b) . we detected no anatomical feature connecting AR-MAN to other cells in 3D reconstructions. Thus, we infer that ARMAN cells are free-living, to the limits of our data. Only the combination of future genomics, metagenomics and proteomics data, in addition to serially cryo-sectioned intact biofilms will further illuminate these intriguing aspects of ARMAN.
ARMAN cells have not been cultivated so it is impossible to follow their cell division processes in a synchronized, step-wise manner. Consequently, we acquired large enough data sets that all cell cycle stages normally present at a statistically significant level should be sampled. In a few cryo-EM 2D projections, ARMAN cells have a smoothly constricted cell wall (Figure 1b and Supplementary  Figure 6d) suggestive of a division plane such as observed in Caulobacter crescentus (Comolli et al., 2005) . Notably, dividing bacterial cells (Supplementary Figure 4 ) are 50-100 times more common than dividing ARMAN cells, consistent with a much slower ARMAN cell cycle.
Several cryogenic electron tomography 3D reconstructions of ARMAN revealed surface adhering lemon-(B50 nm in diameter and B120-130 nm in length) and rod-(B17-20 nm in diameter and very variable lengths reaching up to B300-350 nm) shaped objects. Based on their size, distinctive morphology (similar to spindle-shaped viruses, Prangishvili et al., 2006) and distribution, we infer that these are viruses (Figure 4 , Supplementary Figure 6 , and Supplementary movie 3). The large number of particles associated with individual cells (or in close proximity to them) suggest that cells have been imaged in the process of virus particle release, and that the release is non-lytic. The cell shown in Figure 4b has a total of 15 directly associated viral particles, the largest number we have counted. An image of larger field of view with a depth of 50-binned voxels, from transparent volume-rendered representation is provided in Supplementary Figure 6 . Intriguingly, the findings may indicate near simultaneous replication of two very distinct viral types (superinfection). However, we cannot rule out the targeting of sensitive AR-MAN cells by multiple viruses simultaneously. ARMAN cells associated with viruses exhibit a dramatic reorganization of the cytoplasm. In some cells with attached virus particles we observe almost no ribosomes (Supplementary Figure 6b) . In most cases, the ribosomes loose their organization around the periphery of the cytoplasmic space ( Figure 4b and Supplementary Figure 4f ). Viral particles were commonly imaged in association with ARMAN cells, but this was not the case for other bacteria and archaea. The apparently relatively extensive targeting of ARMAN by viruses occurs despite their small cell volume and low ribosome copy number. The added metabolic cost of viral replication to the ARMAN cells may be substantial, and this may account for their typically low abundance in most AMD biofilms. In principle, to some extent the simultaneous challenges of low ribosome number and viral replication may be partially offset by an increase in cytoplasmic osmotic pressure as the result of small ARMAN cell volume, which should increase reaction rates and lower the copy number demand for protein complexes. The association of ribosomes along the inner membrane surface may enable highly orchestrated protein production, possibly also increasing translation efficiency. It could be also hypnotized that the ribosomes are in the periphery due to an exclusion caused by a nucleoid predominantly localized in towards the center; however, an advantage of some sort must result from such an organization, otherwise an alternative localization would have evolved. Finally, the ordering of complexes, possibly cytochromes, between the IM and OM likely optimizes space utilization in the periplasm and rates of material and energy transfer across the cell wall. A hypothesis that must be considered is that in combination, these features and possibly the tubular elements of unknown function, enable ARMAN cells to grow, albeit slowly, despite their small size and environmental challenges. A consequence of slow growth rates may be that isolation of these organisms will be difficult, making cultivationindependent deductions of their physiology and ecology all the more important.
